Many skin disorders are associated with increased numbers of activated mast cells and are worsened by stress; however, the mechanism underlying these processes is not understood. Corticotropin-releasing hormone (CRH) is secreted under stress from the hypothalamus, but also in the skin, where it induces mast cell activation and vascular permeability. We investigated the effect of CRH in a number of animal models by using i.v. Evans blue extravasation as a marker of vascular permeability. Intradermal CRH is among the most potent peptides at 100 nM, its effect being nearly comparable to that of neurotensin (NT). Pretreatment of skin injection sites with the NT receptor antagonist SR48692 blocks CRH-induced vascular permeability, which is diminished in NT؊͞؊ mice, implying that NT is necessary for the effect of CRH. CRH and NT precursor mRNA are shown to be expressed in both dorsal root ganglia and skin, whereas the latter also expresses mRNA for prohormone convertase 5, an enzyme that cleaves pro-NT into its active form. We also show that the effect of both CRH and NT is absent in W͞W v mast cell-deficient mice; however, only a fraction of skin mast cells express CRH receptors, as shown by FACS analysis of CRH receptor (CRHR) and c-kit double-positive disaggregated mouse skin mast cells. These findings suggest that CRH induces skin vascular permeability through NT acting on mast cells and that both peptides should be considered in the pathogenesis of skin disorders exacerbated by stress.
A cute emotional stress in humans precipitates or worsens skin conditions that involve mast cells (1) , including atopic dermatitis (2), psoriasis (3) , and urticaria (4) . Acute restraint stress in rats has been shown to induce degranulation of skin mast cells (5) , an effect mimicked by intradermal injection of corticotropin-releasing hormone (CRH) (6) . CRH also increases vascular permeability when injected intradermally, an effect absent in W͞W v mast cell-deficient mice and blocked by the mast cell stabilizer disodium cromoglycate (cromolyn) (7) . CRH also induces mast celldependent vasodilation (8) in the microvasculature of human skin (9) . CRH mRNA and peptide are expressed in human skin; in contrast, mouse skin apparently does not express mRNA for CRH and contains only CRH peptide (10) . CRH receptors (CRHR) are expressed in both human and rodent skin (10, 11) .
Skin mast cells may have important functions as ''sensors'' of environmental and emotional stress (12) , possibly through direct activation by CRH and related peptides (13) . As a result, mast cells could play an important role in the pathophysiology of inflammatory diseases worsened by stress (14) . However, it is not yet known whether CRH acts alone to activate skin mast cells.
Neuropeptides, especially neurotensin (NT), could be involved in the pathogenesis of inflammatory skin disorders, especially those exacerbated by stress (15) . NT is one of the most potent inducers of vascular permeability when injected into rodent skin (7) , and NT receptors (NTR) have been identified on mast cells (16) . NT also significantly increases histamine release from isolated rat skin (17) and in skin blisters (18) in a mast cell-dependent manner. However, the role of NT in stress-induced skin conditions has not been investigated.
Mast cells are found in large numbers (10,000-20,000 mast cells per mm 3 ) beneath the epithelial surface of the skin (19) . They are located in the subpapillary region, around blood vessels, lymphatic structures, and epithelial appendages of the skin, where they participate in acute and late-phase hypersensitivity reactions (20) . Degranulation of mast cells leads to the release of multiple mediators with potent vasodilatory, inflammatory, and nociceptive properties (21) . For example, histamine increases vascular permeability (6) and stimulates cutaneous sensory nerves (22) , leading to pruritus. Biopsies of acute urticarial lesions show interstitial edema and endothelial swelling, secondary to mast cell activation (4) . The lichenified plaques in the skin of patients with atopic dermatitis contain a higher number of mast cells, as compared with clinically uninvolved skin (23) , and so do skin lesions in patients with psoriasis (3) .
We hypothesized that stress may induce the release of CRH and NT from dorsal root ganglia (DRG), leading to skin mast cell activation and increased vascular permeability. Our results show that CRH and NT induce skin vascular permeability, but the effect of both is blocked by a NTR antagonist and is absent in NTϪ͞Ϫ mice, whereas both CRH and NT precursor are expressed by DRG. CRH released under stress may be acting together or sequentially with NT to induce skin vascular permeability.
Results
Effect of Intradermal Administration of Peptides. The effect of intradermal administration of various peptides (100 nM) on vascular permeability was studied in the rat skin. At this dose NT and calcitonin gene-related peptide gave the largest responses, followed by CRH, urocortin, vasoactive intestinal peptide, substance P (SP), somatostatin, ␤-endorphin, and adrenocorticotropin hormone (Fig. 1A) .
NTR Antagonist SR48692 Blocks the Intradermal Effects of CRH on
Vascular Permeability. In view of the fact that we had shown that the NTR antagonist SR48692 could block stress-induced skin mast cell activation (5), we investigated the role of NT in CRH-induced vascular permeability using the NTR antagonist SR48692. We pretreated the skin injection sites in rats with either saline or SR48692 (10 M) 10 min before injection with CRH (0.1-1 M).
This experiment had to be performed in rats because the mouse skin is too thin to permit a double injection without causing damage or nonspecific leakage of fluid. Pretreatment with SR48692 blocked the effect of 0.1 M NT, as well as that of 0.1 and 1 M CRH (Fig.  1B) , whereas its solvent, DMSO (0.1%), had no inhibitory effect (results not shown).
C57BL͞6 mice were also pretreated with an i.p. injection of 0.25 ml of 10 M SR48692 to yield 0.05 mg͞kg (for 30-g mice). This pretreatment eliminated the effect of intradermal administration of 1 M NT and significantly reduced the effect of 1 M CRH (Fig. 1C) .
Effect of Intradermal CRH in NT؊͞؊ Mice. To confirm the requirement for NT, apparent from the use of the NTR antagonist, we investigated whether CRH could induce vascular permeability in NTϪ͞Ϫ mice. CRH (1 M) did not increase vascular permeability in NTϪ͞Ϫ mice ( Fig. 2 A and B; compare the yellow circles). Compound 48͞80 increased extravasation of Evans blue in the skin of both the NTϩ͞ϩ (Fig. 2 A) and NTϪ͞Ϫ (Fig. 2B) mice, indicating that both NTϩ͞ϩ and NTϪ͞Ϫ mice could respond to the stimulus; NT (0.1 M or higher) also induced vascular permeability in the NTϪ͞Ϫ mice (Fig. 2B ). When Evans blue was extracted from the skin by incubation in formamide, there was a significant (P ϭ 0.036, n ϭ 3) decrease in Evans blue extravasation (reported in arbitrary units) induced by 1 M CRH in the NTϪ͞Ϫ mice (1.075 Ϯ 0.064) as compared with the NTϩ͞ϩ mice (1.380 Ϯ 0.157), whereas there was no significant (P ϭ 0.253, n ϭ 3) difference in response to C48͞80 (Fig. 2C) . The absence of CRHinduced vascular permeability in the NTϪ͞Ϫ mice could not be accounted for by any differences in skin mast cell number or histamine content among NTϪ͞Ϫ, NTϩ͞ϩ, and C57BL͞6 mice because there were no statistical differences among them (Fig. 2D) .
Expression of CRH and NT in DRG and Skin. We then investigated a possible source of CRH and NT that might be released in the skin cell number and skin histamine content were determined in mouse skin isolated from C57BL͞6, NTϩ͞ϩ, and NTϪ͞Ϫ mice (n ϭ 2; three sections for each). Skin samples were isolated and either sectioned, adhered to slides, and stained with toluidine blue for mast cell counts or homogenized in PBS for histamine analysis. under stress. CRH (Fig. 3A ) and NT precursor (Fig. 3B ) peptide mRNA was expressed in mouse DRG. NT precursor mRNA was also expressed in mouse skin (Fig. 3B) ; moreover, skin expressed prohormone convertase 5 (PC5), an enzyme required to convert pro-NT to NT (Fig. 3C ).
Effect of CRH and NT in W͞W v Mice. The increase in vascular permeability ( Fig. 4A ) was absent in W͞W v mice, as shown for CRH and NT (Fig. 4B ), indicating that these effects are mast celldependent.
CRHR Expression on Skin Mast Cells.
Given that CRH-induced skin vascular permeability was mast cell-dependent, we investigated whether skin mast cells expressed CRHR. Disaggregated skin mast cells were separated by using double labeling for c-kit, the surface receptor for their growth factor c-kit ligand (stem cell factor), and CRHR. A fraction comprising Ϸ25% of the starting mast cell number was isolated by FACS analysis (Fig. 5) and was confirmed by toluidine blue staining. Lack of a suitable NTR antibody precluded similar analysis for NTR-positive mast cells.
Discussion
Our present findings show that CRH and NT are potent inducers of skin vascular permeability and that the effect of CRH depends largely on NT, because it is inhibited by the NTR antagonist SR48692 and is diminished in NTϪ͞Ϫ mice (24) . Our results also show that mRNA for CRH and NT is present in DRG, from where their respective proteins may be synthesized and released into the skin under stress. A fraction of disaggregated mouse skin mast cells was shown to express CRHR, suggesting that the potent increase in skin vascular permeability may be largely due to its indirect effect through NT. In situ hybridization and immunohistochemistry also showed that a number of perifollicular mast cells express CRHR (25) . Human mast cells were recently shown to express mRNA and protein for a number of CRHR isoforms (26) . The NTR antagonist SR48692 used here was previously shown to inhibit the interaction of NT with its binding sites on brain membranes (27) , as well as to block NT stimulation of mast cell secretion in vivo and in vitro (28, 29) . Moreover, the same compound was reported to inhibit the effect of stress on skin (5), heart (30), and bladder (31) mast cell activation, as well as gastrointestinal function (32) . NT involvement in skin mast cell activation is supported by the fact that NT stimulates rat peritoneal (33, 34) , skin (17) , and human jejunum (35) mast cells. Rat serosal mast cells were reported to express NTR (16); moreover, NT is rapidly degraded by stimulated rat mast cells (36) , suggesting a possible mechanism for blocking further activation by NT. NT-positive cells have been reported in the small intestine of humans (37, 38) and in the heart (39, 40) , but there has not been any report of skin cells positive for NT. The apparent lack of appropriate antibodies has hampered such studies in rodent and human tissues.
In addition to NT (34), SP (41), vasoactive intestinal peptide, and calcitonin gene-related peptide can also activate skin mast cells (14) . Antidromic stimulation of unmyelinated sensory nerves leads to the release of neuropeptides such as SP (42) (43) (44) . SP and NT activate mast cells (17) , inducing leukocyte infiltration, thus amplifying the initial inflammatory response (41) . SR48692 could interfere with a common step for CRH and NT at or downstream from surface receptors. There is some evidence that cationic peptides bypass mast cell surface receptors and act on a G protein directly (45, 46) . For instance, SP and compound 48͞80 (47) , as well as the bee venom peptide mastoparan (48) , were shown to act directly on G proteins, ''mimicking'' the action of ligand binding to specific receptors. In fact, compound 48͞80 may interact with the same receptor as NT and SP (49); moreover, SP-induced skin vascular leakage was blocked by N-acetyl-NT (50), and NT-induced colonic mast cell degranulation was blocked by a SP receptor antagonist (51) . Pretreatment of mast cells with neuraminidase decreased the ability of SP and compound 48͞80 to trigger rat mast cells (52, 53) , suggesting that binding of these cationic molecules to negatively charged surface components may be a prerequisite for their mast cell stimulatory action.
Mast cells are found close to neurons in the skin (54) and dura (55) . Parasympathetic nerve stimulation can augment or trigger mast cell secretion (56) , and mast cell-derived histamine can then stimulate peripheral neurons (22) . Mast cells can secrete various preformed (histamine, kinins, and proteases) and newly synthesized (leukotrienes, prostaglandins, and cytokines) proinflammatory mediators. Vasodilatory molecules other than histamine include nitric oxide, tryptase, TNF-␣, vasoactive intestinal peptide, and VEGF (57) . An isoform of VEGF is particularly vasodilatory (58) , and VEGF was shown to induce dilation of microvessels (59) . Moreover, overexpression of VEGF in mouse skin can lead to the development of skin inflammation resembling psoriasis (60, 61) . It is of interest that CRH can induce selective release of VEGF from human mast cells (26) , whereas intradermal injection of CRH also leads to histamine secretion, implying that the in vivo action may require other triggers such as NT.
The most plausible scheme (Fig. 6 ) to explain our results would be that intradermal CRH stimulates release of NT from post-DRG nerve endings, leading to skin mast cell activation together with or sequentially with CRH; vasodilatory and proinflammatory molecules released from mast cells, such as histamine, cytokines, and VEGF, could then increase vascular permeability. In conclusion, this is the first instance, to our knowledge, that NT is shown to be involved in the action of CRH. Mast cell-neuron interactions (62) and mast cell activation may be involved in the pathophysiology of skin conditions such as atopic dermatitis (2, 63) , urticaria (4, 64) , and psoriasis (3, 63, 65, 66) , all of which involve mast cells and are exacerbated by stress (67) (68) (69) . Local administration of CRHR or NTR antagonists that could penetrate the skin may be useful for the treatment of stress-induced dermatoses.
Materials and Methods
Experimental Animals. Sprague-Dawley rats (Charles River Breeding Laboratories), C57BL͞6 mice, and W͞W v mast cell-deficient mice and their ϩ͞ϩ normal littermates (The Jackson Laboratory) were used at Ϸ7 weeks of age. NT knockout (Ϫ͞Ϫ) breeding pairs were provided by Paul Dobner (University of Massachusetts Medical School, Worcester). The mice were bred in-house and genotyped by PCR analysis of tail DNA (see Supporting Text, which is published as supporting information on the PNAS web site). All mice were kept on a 14:10 h dark:light cycle and were provided food and water ad libitum. These studies were approved by the Tufts University Institutional Animal Care and Use Committee (Protocol 45-03).
Skin Vascular Permeability After Intradermal Injections. Male rats (350 g) or 5-to 7-week-old mice [C57BL͞6 mice and NTϪ͞Ϫ mice and their wild-type littermates were used; NTϪ͞Ϫ mice that had been backcrossed five times with C57BL͞6J (5N) show altered responses to antipsychotic drugs (24) ]. Mice were anesthetized with a single i.p. injection of ketamine͞xylazine (80 mg͞kg ketamine and 10 mg͞kg xylazine), and the fur on the subscapular area of their backs was removed with an electric shaver. A total of 0.6 ml (for rats) or 0.2 ml (for mice) of sterile-filtered 1% Evans blue dissolved in sterile normal saline (0.9% NaCl) was injected via the tail vein; 10 min later 0.05 ml of triggers or normal saline was injected intradermally in the dorsal region by using a tuberculin syringe. The triggers included compound 48͞80, a synthetic mast cell secretagogue used as a ''positive'' control, CRH, NT, calcitonin generelated peptide, vasoactive intestinal peptide, urocortin, SP, adrenocorticotropin hormone, ␤-endorphin, and somatostatin from Santa Cruz Biotechnology. The animals were killed 10 min after the intradermal injections by decapitation. The skin was removed, mounted, and photographed. Skin samples were removed by using a circular template to retain reproducibility, and the Evans blue dye was extracted by incubating them in N,N-dimethyl formamide overnight at 55°C. The following day, the Evans blue fluorescence from individual skin samples was measured at an excitation of 620 nm and an emission of 680 nm. The concentration of Evans blue was determined from a standard curve and was normalized by dividing with the value corresponding to skin samples injected with normal saline.
NTR Antagonist Pretreatment. SR48692 (Sanofi Recherche, Paris) was prepared (1 mM stock solution) in DMSO and was stored at Ϫ20°C in the dark. Male Sprague-Dawley rats were anesthetized and injected with 0.6 ml of 1% Evans blue via the tail vein; 10 min later peptides were injected intradermally at the concentration indicated. For some experiments, the injection sites were pretreated for 10 min with either saline or SR48692 (10 M) before the intradermal injection of the triggers. The rats were killed 10 min later, and the skin was removed and photographed. For mouse experiments, the SR48692 stock solution was diluted 1:100 in saline, and 0.25 ml was injected i.p. to yield 0.05 mg͞kg SR48692 (dose based on a 30-g mouse) in a final DMSO concentration of 1%. DMSO was injected alone to serve as a vehicle control. One hour after the i.p. injection of SR48692 or DMSO mice were injected with 0.2 ml of 1% Evans blue via the tail vein, and vascular permeability induced by intradermal NT, CRH, and 48͞80 was measured as described above.
Skin Histamine Content. The amount of histamine present in the skin of knockout mice and their wild-type littermates was determined by homogenizing skin samples in PBS and measuring the histamine in the supernatant by ELISA (Immunotech-Beckman Coulter) performed in duplicate. The histamine content is reported as nanomolar histamine per milligram of tissue.
Skin Mast Cell Numbers. Skin was dissected from wild-type mice, as well as from knockout mice and their wild-type littermates, and frozen in tissue-embedding medium. The skin was sectioned and adhered to slides. The slides were stained with acidified toluidine blue (1%, pH Ͻ 2) for 60 min at 24°C, and the number of mast cells was counted. Three sections per skin sample were counted, and the mean number of mast cells is reported.
Isolation of Mouse Skin and DRG. Male C57BL͞6 mice (The Jackson Laboratory) were kept in plastic cages (five mice per cage) in a light͞dark cycle and were provided with food and water ad libitum. The mice were killed (ketamine͞xylazine followed by decapitation), and the skin or spinal cords were dissected. The skin was immediately frozen at Ϫ80°C. The DRG were isolated from the spinal cords and pooled (n ϭ 4 mice) before freezing at Ϫ80°C. RNA was isolated from the skin and DRG by using TRI Reagent and used for RT-PCR.
RT-PCR for CRH, NT, and PC5. RNA was isolated by using TRIzol reagent (Invitrogen). The absorbance at 260 and 280 nm was measured by using a Uvikon spectrophotometer to determine the concentration and quality of RNA. cDNA was synthesized by using Moloney murine leukemia virus reverse transcriptase, and PCR was performed to amplify specific gene sequences by using Platinum Taq and oligonucleotide primers synthesized in the Tufts University Core Facility (Table 1) . PCR products were displayed on a 1.2% agarose gel, visualized with ethidium bromide under UV light, and captured on film. The band size was compared to a 100-bp DNA ladder.
Isolation of Mouse Skin Mast Cells for FACS Analysis. Mice (n ϭ 2-4) were anesthetized with an i.p. injection of ketamine͞xylazine and killed by decapitation. The fur on the back was shaved, and the skin was dissected and rinsed one time in 70% ethanol on ice and twice in cold Hanks' balanced salt solution (without calcium or magnesium). EDTA (1 mM) was added to the Hanks' balanced salt solution during the washing and cutting of the tissue to prevent mast cell activation from calcium release. The tissue was cut into small pieces (2 mm 2 ) and incubated (for 2 h at 37°C) in a 25-ml solution of collagenase (2.0 mg͞ml Type 1A; Sigma) and hyaluronidase (0.5 mg͞ml Type 1S, Sigma) in Hanks' balanced salt solution. The incubation mixture was gently gassed throughout with a mixture of 95% O 2 and 5% CO 2 while shaking (Ϸ150 rpm). The undigested material was filtered through moistened gauze, and the cells were collected by centrifugation (5 min at 150 ϫ g) and washed once in Hanks' balanced salt solution. anti-mouse CRHR polyclonal antibody (Santa Cruz Biotechnology), or both antibodies together (positive double-stained cells). The cells were incubated on ice for 15 min and then collected by centrifugation and washed one time in PBS. 7-Amino-actinomycin D intercalates into double-stranded nucleic acids and is excluded from viable cells but can penetrate the cell membranes of dying or dead cells. 7-Amino-actinomycin D was added for Ϸ20 min at 4°C in the dark. The cells were sorted by using a MoFlo instrument (Dako). The data were analyzed by using SUMMIT software (Cytomation). After sorting, the cells were adhered to slides, stained with toluidine blue, and photographed.
Statistics. Photographs of rodent skins shown are representative of at least 10 different experiments where similar results were obtained. For the quantification of CRH-induced vascular permeability in the skin of wild-type and NTϪ͞Ϫ mice, the Evans blue concentration (ng͞ml) in the skin samples was first calculated from a standard curve, and all values for the same animal were divided by the corresponding concentration for saline injection to control for interanimal variability. The mean number of mast cells and histamine content in the skin of NTϪ͞Ϫ, NTϩ͞ϩ, and C57BL͞6 mice was compared by using ANOVA. A Bonferroni post hoc test was performed to control for multiple comparisons. SPSS software (SPSS, Chicago) was used for all statistical analysis. Statistical significance was set as P Յ 0.05.
